The time course of adaptation of cells of the parvocellular (PC) and magnocellular (MC) pathways has been characterized following changes in retinal illuminance or chromaticity. Adaptation state was cycled between high and low luminance levels or between backgrounds with wavelengths metameric to 630 and 570 nm. Cell responsivity was probed with brief bursts of luminance or chromatic modulation. After a change in luminance, adaptation of both MC-cells (tested with a luminance probe) and red-green PC-cells (tested with a chromatic probe) was relatively rapid and largely complete within 100 msec or less. After a change in chromaticity, recovery of responsivity in red-green PC-cells was dependent on cell type. Recovery of responsivity with backgrounds elevating maintained firing was complete within a few seconds, but with backgrounds suppressing cell firing, recovery took many tens of seconds. This very slow time course may be due to a threshold effect. In experiments with backgrounds which selectively adapted one cone type, use of coneisolating probes indicated that the time course of PC-cell chromatic adaptation may be determined at a site after the subtraction of cone signals. Recovery of responsivity of MC-ceHs was also prolonged over several seconds following a chromatic change. Our data suggest that adaptation in macaque ganglion cells depends on mechanisms both before and after the site of cone interaction, and that these mechanisms may differ in time course between MC-and PC-cells. The results indicate that it may be important in psychophysicai adaptation experiments to consider the presence of multiple postreceptoral mechanisms with different adaptation characteristics.
INTRODUCTION
As the ambient light in natural scenes changes in level or chromaticity, the visual system adjusts its sensitivity. The time courses of these processes of adaptation have been much studied psychophysically. After an abrupt change in retinal illuminance level, there is evidence (e.g. Hayhoe, Benimoff & Hood, 1987) for a fast adaptation mechanism (acting over the first few tens of milliseconds) and a slower mechanism (taking several seconds to completion). After a change in chromaticity, the adaptation process is slow and can take many tens of seconds to completion (Jameson, Hurvich & Varner, 1979; Mollon & Polden, 1979; Reeves, 1982a, b; Hayhoe & Wenderoth, 1991) . Although light adaptation is often assumed to take place in or close to the receptors themselves, with chromatic change there is evidence for adaptation at a "second-site" after subtraction of the opponent cone signals (Pugh & Mollon, 1979; Reeves, 1982a, b; Stromeyer, Cole & Kronauer, 1985) . In lower vertebrates, some species show adaptation at the photoreceptor level (reviewed in Shapley & EnrothCugell, 1984) . In primate earlier studies suggested that some adaptation might occur at the receptor level (Boynton & Whitten, 1970; Valeton & Norren, 1983) , but recent recordings from single cones (Schnapf, Nunn, Meister & Baylor, 1990) and of the early receptor potential (Hood & Birch, 1993) have indicated that primate cones adapt little. In the ganglion cell, adaptation to retinal illuminance level (Lee, Pokorny, Smith, Martin & Valberg, 1990; Purpura, Tranchina, Kaplan & Shapley, 1990) and mean chromaticity (Smith, Pokomy, Lee, Yeh & Kremers, 1992b) has been described. However, these were measurements in the steady state and the time course of adaptation was not studied.
In these experiments we wished to compare the time course of adaptation in retinal ganglion cells with psychophysical results. We also hoped to be able to infer adaptive processes prior to the ganglion cell, e.g. to identify any second-site adaptation effects. In the primate visual system, the magnocellular (MC-) pathway responds most vigorously to luminance modulation and the parvocellular (PC-) pathway to chromatic modulation ( Lee, Martin & Valberg, 1989; Lee et al., 1990; Lee, Martin, Valberg & Kremers, 1993) . Adaptation in ganglion cells of both pathways was studied. We restricted our experiments to MC-cells, and to PC-cells with only middle-wavelength (M-) and long-wavelength (L-) cone input. Psychophysical adaptation protocols often use a probeflash paradigm (Hood, Ilves, Maurer, Wandell & Buckingham, 1978) , in which sensitivity to brief pulses is measured after a change in the adaptation state. Measuring cell responsivity to a brief flash is cumbersome since it requires a large number of stimulus repetitions. A brief sine-wave burst was therefore used as a probe. The protocol used to test the time course of adaptation is shown in Fig. 1 . In Fig. I (A) the axes represent M-and L-cone excitations in arbitrary units. The adaptation state could be cycled between (i) a high and low luminance level, indicated as HiLum and LoLum; (ii) equiluminant lights metameric to 630 and 570 nm; (iii) high and low adaptation levels for the Mcone, leaving the L-cone adaptation state constant, indicated as HiM and LoM; (iv) high and low adaptation level for the L-cone, leaving M-cone adaptation state constant, indicated as HiL and LoL.
The temporal course of an experiment is sketched in Fig. I(B) . Each adaptation condition lasted 30 sec. The probe stimuli were 1 sec bursts at 9.76 Hz. The probe could test responsivity to luminance or chromatic modulation, or to modulation of the M-or L-cone alone [inset, Fig. I(A) ]. Under each adaptation condition, we scaled our probe stimuli so as to generate approximately equal Michelson cone contrasts. The bold line in Fig.   I (B) shows the change in adaptation state, and examples of the superimposed probes are shown. The example in Fig. I (B) represents a change in retinal illuminance of about seven-fold with no change in chromaticity. A luminance test probe is indicated.
We found that adaptation of both PC-and MC-cells after a change in luminance level was relatively rapid. After a change in chromaticity, recovery of PC-cell sensitivity was extremely prolonged and showed evidence of second-site effects. In some respects the physiological data were compatible with psychophysical data from the literature and control psychophysical experiments. In others, the physiological results indicate that more complex physiological mechanisms may underlie psychophysical results.
Parts of this study have been presented in abstract form (Yeh, Lee & Kremers, 1992; Yeh & Lee, 1993) .
METHODS

Animal preparation
We recorded from cells in the parafoveal retina of macaques (Macaca fascicularis). Details of the animal preparation, recording techniques and cell classification may be found elsewhere (Lee et al., 1989; Smith, Lee, Pokorny, Martin & Valberg, 1992a) . In brief, after an initial injection of ketamine, anesthesia was maintained with isoflourane in a 70%:30% N2:O2 mixture (1-2% during surgery and 0.5-1.0% during recording). Local anesthesia was applied at the points of surgical intervention. The EEG and EKG were continuously monitored as a control of anesthetic depth. Muscular relaxation was maintained by intravenous infusion of gallamine triethiodide (5 mg/kg/hr) with 2-3 ml/kg/hr of dextrose Ringer. The end-tidal PCOz was kept near 4% by adjusting the rate and depth of ventilation. Body temperature was maintained near 37.5°C.
Stimuli and calibration
Stimuli were presented through a two-channel Maxwellian view system each with a red and a green diode (LED) as light sources (modified from Swanson, Ueno, Smith & Pokorny, 1987) . Light from channel 1 provided the modulation probes and light from channel 2 provided adaptation backgrounds. Probes consisted of modulation about the mean adaptation level. The probe test and adaptation background were spatially superimposed as a 4.7 deg field.
The temporal waveforms and adaptation levels for the LEDs were generated by a computer through 12-bit digital-to-analog converters. The LEDs were driven by means of frequency-modulated pulse trains which achieved a high degree of linearity. The relationship between the D/A outputs and LED light levels was checked using a photometer (Photo Research, Burbank, CA, U.S.A.). The spectral energy distribution of the LEDs was measured using a spectroradiometer (Model pro-703/PC, Photo Research, Burbank, CA, U.S.A.). The dominant wavelengths of the LEDs were 638 and ADAPTATION IN GANGLION CELLS 915 554 nm. The relative luminance efficiencies of the diodes were estimated by flicker photometry and checked with the photometer. These calibrations were used to set up the luminance and chromaticity for each adaptation condition. The results of these calculations were checked with control measurements using the spectroradiometer. The calculations for the adaptation backgrounds and modulation stimuli were based on the Smith and Pokorny (1975) cone fundamentals and cone excitations defined by Boynton and Kambe (1980) . We calculated the change in cone excitations for each adaptation condition. For luminance adaptation it was c. 0.9 log unit. For the 630/570nm chromatic condition it was c. 0.8 and 0.2 log unit for the M-and L-cones, respectively. It was c. 0.9 log unit for the adapted cone in the cone specific conditions.
Retinal illuminance levels were estimated as described by Westheimer (1966) . Values cited below are in human trolands. Because of the smaller monkey eye, the quantal flux per unit retinal area in the macaque is about 1.7 times that in humans (Virsu & Lee, 1983) . The mean chromaticity and retinal illuminance level for each condition are specified in the text or figure legends.
Prior to each experimental run, mean retinal illuminance and chromaticity were 1700 td and 595 nm. For each run, we first provided 30 sec pre-adaptation to one adaptation condition, and then we alternated between the two adaptation states as in the sketch of the temporal course of the experiment in Fig. I(B) . All test probes were 10 cycles of a 9.76 Hz sine wave, since this frequency is close to the peak of the temporal MTF for both MC-and PC-cells at the retinal illuminances used (Lee et al., 1990) . Probes were presented every few seconds. Results were averaged over 4-6 adaptation cycles.
Luminance probe stimuli had c. 10% Michelson contrast for each condition, i.e., 10% contrast for both M-and L-cones. We adjusted cone contrasts for the other adaptation paradigms so that, for chromatic probes, mean cone contrast in the M-and L-cones was c. 10%. For the M-and L-cone isolating probes, we provided c. 20% contrast in the modulated cone. Within this contrast range MC-cells show a linear contrast-response relation with little response saturation (Kaplan & Shapley, 1986; Lee et al., 1990) .
Physiological measurements
After isolation of a cell's activity, the receptive field was plotted on a tangent screen, and the cell type classified using tests developed during recordings from the lateral geniculate nucleus, where the sites of recordings in the parvocellular or magnocellular layers may be anatomically verified (Lee, Valberg, Tigwell & Tryti, 1987) . The Maxwellian-view stimulator was centered on the receptive field. We attempted to test each adaptation paradigm on each cell, but it was seldom possible to complete all paradigms. Adaptation behavior of 18 MC-cells and 17 L,M-cone opponent PC-cells was studied. During data acquisition, times of spike occurrence were stored. In the data analysis, responses were either averaged over the 10 cycles within each probe burst, or each cycle within the 1 sec probe burst could be analyzed individually. Response amplitude was derived from Fourier analysis of response histograms. By dividing response amplitude by the contrast used, we could express responsivity in terms of response per unit of cone contrast. The maintained firing rate between probes was also stored.
Psychophysical measurements
We measured psychophysical sensitivity using the same apparatus as in the physiological measurements. The adaptation conditions were very similar to those used in the physiological experiments. Each adaptation condition lasted 30 sec. We hoped to isolate contributions of MC-and PC-cell systems to detection by using either four cycles of 9.76 Hz luminance modulation or a 820 msec raised chromatic cosine. Observers viewed the stimuli foveally through a 3 mm artificial pupil, using a bite bar to maintain stable head position. We adjusted the field lens of the system to provide a sharp image for each observer. After a 30 sec pre-adaptation period, the adaptation conditions were cycled as in the physiological experiments. Psychophysical thresholds were estimated using a modified "Method of a thousand staircases" (Mollon, 1980; Mollon, Stockman & Polden, 1987) procedure. A beep was used to signal the onset of a probe stimulus. Luminance probe stimuli were presented every 2 sec, chromatic probes every 3 sec. After each stimulus presentation and before the next, observers pressed a button to indicate whether or not they detected a stimulus. Failure to respond caused the trial to be discarded. Observers were instructed to use a criterion of seeing a flicker or a color change for the two types of probe. The observer was allowed to interrupt the staircase procedure at any time. Before continuing the experiment, another pre-adaptation period was given. Usually, each experimental run took about 20 min without any interruption.
The starting modulation for each staircase was 50% averaged M-and L-cone contrast and the step size was a factor of 2. The step size was halved after a reversal of response. Fifteen responses to each probe were required, and thresholds were taken as the average of modulation depths over the last seven trials. In 10% of trials no stimulus was presented. If the false positive rate was greater than 10% the run was discarded. Thresholds were also measured after several minutes of adaptation to a steady field. The same staircase paradigm was used, and c. 10 min of adaptation had occurred prior to the last seven trials over which thresholds were averaged.
Three observers (age 26-30 yr) participated in the experiment, one of the authors and two naive observers. All observers are color normal. Each observer practiced the experiment at least three times until the data stabilized.
RESULTS
We first describe the way we measured and analyzed responses. The results are then divided into three sections: (i) adaptation to changes in luminance, (ii) adaptation to a change in chromaticity and (iii) evidence for second-site adaptation effects in the PC-cell response.
On MC-celI; Luminance Adaptation and Test
Measurements of cell responses
Examples of cell responses are shown in Fig. 2 . Figure  2 (A) shows the response of an on-center MC-cell during luminance adaptation. The time course of the adaptation is shown at the top. Eight 1 sec probe stimuli were delivered during each adaptation level and modulation contrast of the probe was the same at the two levels. Below the time course we show response histograms (averaged over the 1 sec burst) for some of the probe stimuli. All responses have similar amplitude, except that responsivity was slightly depressed for 0-1 sec after the increase in luminance. Since response amplitude was similar at high and low illuminances, the same contrast evoked the same response despite the eight-fold change in luminance. Response amplitude could then be extracted by Fourier analysis and used for later analysis (Fig. 3 ).
Figure 2(B) shows data from a green-on center (+M-L) PC-cell after changes in adaptation chromaticity. Red/green chromatic modulation was used to test the cell's responsivity. The data differ strikingly from those in Fig. 2(A) . After the transition to a 630 nm adaptation field, the cell's response and maintained activity were suppressed and showed slow recovery over the 30 sec period. After the change to a 570 nm background, there is an increase of maintained activity [seen best in the 30-31 sec histogram in Fig. 2(B) ]. Maintained activity fell rapidly at first and then more gradually over a prolonged period. However, responses to the probe stabilized relatively rapidly after the change to the 570 nm condition, at a much higher level than for the 630 nm condition. Quantitative analysis of these processes will be shown in Fig. 8 .
Adaptation to luminance change
From data such as those in Fig. 2 , we extracted firstharmonic amplitudes and calculated cone contrast gain, the first-harmonic response divided by the probe modulation contrast. Mean firing rates were also avail- able. Figure 3 shows averaged data are from seven oncenter MC-cells. Figure 3 (A) shows the adaptation protocol. In Fig. 3 (B) responsivity expressed as cone contrast gain is plotted against time during the adaptation cycle. In Fig. 3 (C) mean firing rate is plotted. Mean firing rates measured during and between the probe stimuli are plotted as • and O, respectively. Both responsivity and mean rate stabilize rapidly. They are below the steady level immediately after the luminance level is increased to 4480 td. By the second probe (2-3 sec after the change) both had almost reached the steady level. With a decrease in adaptation luminance, although maintained firing is briefly depressed, stabilization of responsivity appears complete within the first second. Off-center MCcells showed similar features, except that some cells showed a transient increase in maintained activity when the adaptation state changed to a low luminance level. For both on and off MC-cells, steady-state contrast gain at 10 Hz was the same at both luminance levels (Lee et al., 1990) . However, response phase was delayed at the low relative to the high adaptation level by about 30 deg on average, consistent with earlier steady-state measurements (Lee et al., 1990) . We tried to estimate the time course of adaptation by fitting responsivity data by a single exponential function.
This often provided an inadequate description, since in some instances adaptation appeared to show at least two time components, one very rapid, within the time resolution of our measurements (100 msec, see below), and another slower process. To provide an empirical estimate of the adaptation time course of response, R(d), as a function of the delay, d, since the change in background, we fitted data for each adaptation condition with the function
( 1) This assumes that a proportion of the adaptation, p, occurs within the first 100 msec or less. Then, adaptation follows an exponential time course with time constant, z, toward the steady-state level, Rmax. Fits of these functions are shown as solid lines in Fig. 3(B) and subsequent figures. Parameters of the fits are listed in ~ Tables 1-3 , and provide a comparison of time courses under the various adaptation protocols for the different cell types. Table 1 lists parameters for luminance adaptation. On-and off-center MC-cells show similar fit parameters, as do red and green-on PC-cells.
Averaging over the 1-sec probe sacrifices time resolution. To look at the first second of adaptation over a finer time scale, we analyzed the response to each cycle Fig. 3 . After the decrease in retinal illuminance, only the response to the first cycle is depressed, probably because the measurement in the first cycle is distorted by the presence of other frequency components at the beginning of the burst. MC-cell adaptation to a decrease in retinal illuminance is thus rapid (within 100 msec) under our experimental conditions. The data thus suggest that adaptation to luminance change in MC-cells has two components. One is rapid, largely complete within 100 msec. This is followed by a slower, exponential process completed within 2-3 sec. Insofar as MC-cells underlie detection of brief luminance probes, this behavior resembles adaptation to changes in retinal illuminance seen psychophysically when a luminance test is used (e.g. Crawford, 1947; Hayhoe et al., 1987; Hayhoe & Wenderoth, 1991) . There is little psychophysical evidence as to the time course of adaptation to luminance level when a chromatic probe, presumably detected by the PC-pathway, is to be detected. Nevertheless, it was of obvious interest to study the time course of PC-cell adaptation to a change in luminance. Since PC-cells are poorly responsive to luminance modulation (Kaplan & Shapley, 1986; Lee et al., 1989) , we probed PC-cells responsivity with chromatic modulation after luminance changes. Time (aecl 60 FIGURE 5. Average behavior of six grcen-on +M--L cells to a change in luminance level with responsivity tested with a chromatic probe. The format is as in Fig. 4 . In (A) the chromatic nature of the test probe is indicated by the out-of-phase test waveforms. In (B) responsivity can be seen to stabilize rapidly after the luminance change, at a lower level when retinal illuminance is lower. FIGURE 6. Adaptation in +L-M cells for the first second after a luminance change. The format is as in Fig. 5 . For both the high and low luminance conditions, this analysis of each individual cycle within the probe burst indicates that adaptation is complete at least by the second cycle of the probe burst.
7) except that effect of adaptation level on maintained activity was inverted. For both cell groups there was an immediate change in response phase, which was slowed by 20-30 deg at the low relative to the high adaptation level (Lee et al., 1990) . To examine this rapid adaptation in more detail, we plotted responsivity of red-on, +L--M cells over the first second after a luminance change in Fig. 6 . As in Fig. 4 , histograms from a single cell are shown as well as averaged data from seven cells. Maintained firing rate and responsivity are higher at the higher retinal illuminance, but responsivity to the chromatic probe appears to stabilize very rapidly. Thus, PC-cells show rapid adaptation after a change in retinal illuminance, and this contrasts with their slow adaptation after a change in chromaticity as seen in Fig. 2 and Fig. 8 . For Table 1 , no second, slower adaptation process could be fitted and so the time course parameter, z, is not applicable.
The paradigm used for cells differs from adaptation paradigms in most psychophysical experiments, and so we performed control psychophysical experiments with our adaptation protocol, to provide a bridge between the physiological and psychophysical data in the literature. We used either a 9.76 Hz, 410 msec burst of luminance modulation or a 820 msec redward or greenward raised cosine chromatic pulse as psychophysical probe stimuli. Current evidence suggests these probes should be detected through the MC-and PC-pathways, respectively (Lee et al., 1990 Kremers, Lee & Kaiser, 1992) .
"Steady state" thresholds after c. 10 min of adaptation were also measured. Sensitivities of one observer (mean of three runs) are shown in Fig. 7 . They are plotted as the reciprocal of threshold contrast in percent; a sensitivity of 1 indicates a 1% contrast probe was detected. Sensitivities determined in the steady-state are indicated by horizontal lines. Following an increase in luminance level, psychophysical sensitivity to the first luminance probe was depressed but had reached a steady level with the second probe stimulus, at 1 sec after the change. For a decrease in luminance level, sensitivity to the first probe had already stabilized. With chromatic probes [ Fig. 7(B) ] and an increase in retinal illuminance, sensitivity had stabilized to the first probe stimulus. With a decrease in retinal iUuminance, sensitivity required 10-15 sec to stabilize. Similar results were found with the other two observers. These results are broadly consistent with the physiological measurements, except that the longer time course for the chromatic probe on decreasing luminance is not as expected from the physiological results. Nevertheless, psychophysical sensitivity to chromatic probes appears to stabilize much more rapidly after a change in retinal illuminance than after a change in chromaticity (Fig. 12) .
In conclusion, both MC-and PC-cells show a substantial rapid adaptation component after a change in retinal illuminance. In a study of cat ganglion cells, 
Adaptation to change of chromaticity
In contrast to the rapid adaptation of PC-cells after a change in luminance (Fig. 5) , the data in Fig. 2(B) suggested that PC-cells' adaptation to a change in chromaticity is much slower, and this was confirmed by quantitative analysis. In Fig. 8 Fig. 4 , with the upper panels illustrating response histograms of a single cell and the lower panels mean data (six cells) in which the mean responsivity measured 25 sec after the adaptation state changed are plotted as dashed lines for comparison. The high firing rate immediately after switching to the 630 nm condition can be seen in (A), and no response to the test probe can be seen. After 25 sec a response has developed. After switching to the 570 nm field (B), maintaining firing and responsivity are completely suppressed but some response has developed after 25 sec. 923 enhanced, in the first few seconds, firing rate of some cells (mainly +L-M with 630 nm) appeared to saturate and there was a decreased responsivity to the probe stimuli. Thereafter, maintained rate decreased and stabilization of contrast gain occurred after 3--5 sec. When maintained activity was suppressed, contrast gain recovery was slower. This was especially marked with the 630 nm field in +M--L cells, in which even after 30 sec, contrast gain was still increasing and lower than with the 570 nm field. This behavior is reversed in +L--M cells, but not so pronounced. We fitted the data with equation (1) and parameters are listed in Table 2 . For +L-M cells and the 570 nm field and +M-L cells for the 630 nm field, the time course of adaptation was greater than 30 sec and the data did not constrain the fit well (parameters indicated by asterisks). Nevertheless, time constants of at least 10 sec seem likely. Figure 9 shows red-on, +L-M PC-cells' behavior 
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FIGURE 10. Responsivity of a red on +L-M PC cell followed over 160 sec after a change in chromaticity. Apart from the difference in time course, the format is as in Fig. 8 . Even after 160 sec, responsivity with the 570 nm background had not stabilized.
over the first second, in the same format as in Fig. 4 . For the single-cell example in Fig. 9 (A), a 630 nm field generated a high maintained discharge which presumably saturated the cell's firing and no modulated response was present. After 4-5 sec a modulated response had developed and at 25 sec was clearly apparent. With the 570 nm adaptation field, the cell's firing was initially completely suppressed. After 25 sec some recovery had occurred, but responsivity was still not at the same level as with the 630 nm field. The averaged data in the lower graphs of Fig. 9 confirm this pattern.
In view of the very slow recovery after maintained firing was suppressed, we explored over an extended time course. Each adaptation condition was followed over 160 sec. Otherwise, stimulus conditions were the same as in Fig. 8 . Figure 10 shows data from a red on +L-M PC-cell. With the 630 nm adaptation field, responsivity reached 90% of the final level after 15 sec but with the 570 nm field, contrast gain and maintained firing rate continued to increase throughout the 160 sec. Similar results were obtained with four other PC-cells tested over these prolonged adaptation periods. Thus PC-cell responsivity after a change in chromaticity may recover over a very prolonged time course if maintained firing has been depressed.
The extended time course of chromatic adaptation for PC-cells may reflect threshold or saturation effects rather than gain changes per se. In support of this hypothesis, response phase, when measurable, remained unaffected over these long time courses despite substantial changes in responsivity. We discuss this possibility further in later sections.
We also tested the effect of changing chromaticity on MC-cells. A luminance probe was used to test cell responsivity. Figure 11 shows mean data from on-center cells. Responsivity decreased after each change in chromaticity, and recovered to a steady level several seconds later. Contrast gain stabilized to the same level at both adaptation chromaticities. Maintained activity also took several seconds to reach an asymptote. Similar data were obtained for off-center cells, although there was considerable inter-cell variability. Fit parameters for equation (1) are listed in Table 2 for both on-and offcenter cells. Psychophysical sensitivities to luminance and chromatic probes after the chromatic change are plotted for one subject in Fig. 12 , in the same format as Fig. 7 . Thresholds to the luminance flicker burst took 3--4 sec to stabilize [ Fig. 12(A) ], as in the physiological data. Thresholds for redward or greenward pulses, however, [ Fig. 12(B) ] were much elevated as compared with the steady-state (horizontal line segments), with only partial and slow recovery of sensitivity over 30 sec of adaptation. There was no systematic difference in thresholds for redward and greenward pulses in the two halves of the paradigm. Data from the other two observers were similar. These different time courses with luminance and chromatic probes appear broadly consistent with the physiological data. However, we had hoped that detection of redward and greenward psychophysical probes might be differentially mediated by +L--M and +M-L cells and reflect their reciprocal behavior. As in other results (Reeves, 1982a, b) , no hint of a psychophysical asymmetry could be found.
In summary, +L-M and +M-L cells display reciprocal behavior when adapting to a chromaticity change. Responsivity after a change suppressing maintained firing recovered more slowly than after a change elevating the maintained rate. The finding that MC-cell responsivity was depressed for a few seconds after a change in chromaticity was unexpected, since luminance was unaltered. The psychophysical tests with a probe likely to be detected by the MC-pathway yielded a similar result.
PC-cell responses after selective cone adaptation
After a change of chromaticity, there is evidence from human psychophysics that some adaptation process occurs at a site after the opponent combination of cone signals (e.g. Pugh & Mollon, 1979) . Such second-site effects have often been interpreted as recovery from saturation in an opponent pathway rather than a gain change per se. PC-cell adaptation after chromatic change might also be so interpreted. To test for this we made use of silent-substitution stimuli (Est6vez & Spekreijse, 1974) . Based on the Smith and Pokorny (1975) cone fundamentals, we calculated different adaptation states in which excitation of, for example, the L-cone was changed while leaving that in the M-cone constant. PC- cell responsiveness to stimuli modulating either the M-or L-cone alone was then tested. If slow adaptation after a chromatic change was due to polarization after opponent combination of the cone signals, then responsivity to both L-and M-cone probes should be equally affected by changing the adaptation state of only one of the cones. Figure 13 shows data for a change in M-cone adaptation state, while the L-cone adaptation state remained constant, for both +M--L and +L-M cells. The probe stimuli consisted of either M-cone (ll) or Lcone (O) modulation. Maintained activity data were similar in both conditions and only one set has been shown. Results from experiments in which the L-cone adaptation state was manipulated are shown in Fig. 14 . As with chromatic adaptation changes, the data indicate that +M-L and +L-M cells show opposite behavior, with responsivity reaching a steady level within 5 sec when maintained activity was enhanced by the adapting field and with prolonged recovery when the maintained activity was inhibited. Both these effects were independent of which cone was tested. Although there may be some differences in detail, recovery of contrast gain for both cones appears parallel. Parameters for the fitted curves are listed in Table 3 and confirm this suggestion. These data are consistent with the hypothesis that much of the slow adaptation behavior observed in PC-cells after a chromatic change is determined at a locus after the opponent site, and reflects recovery from saturation rather than a gain change.
We also tested MC-cell response under similar conditions. MC-cell behavior was heterogeneous and often showed frequency-doubled responses when chromatic components were introduced to the test stimuli. On average, the recovery of contrast gain took several seconds.
DISCUSSION
It is widely recognized that multiple postreceptoral mechanisms may underlie psychophysical detection of luminance or chromatic modulation (e.g. Kelly & Norren, 1977) . The presence of multiple mechanisms has been recognized in psychophysical adaptation experiments (e.g. Reeves, 1982a) but has seldom been explicitly incorporated in models of visual adaptation. The physiological data shown here indicate the importance of considering multiple postreceptoral mechanisms which may adapt differently.
The parameters listed in Tables 1-3 provide a quantitative estimate of time courses of adaptation with the different protocols and cell types. In some cases, adaptation appeared complete within the first cycle of the test probe, i.e., within 100 msec, and we were unable to resolve the time course further. In these cases, the parameter p, the proportion of rapid adaptation, was set to unity. On other occasions p was close to zero, and data could be fitted by a single exponential. In intermediate cases the data could be best fitted assuming two processes, one fast, one slow. However, it should be stressed that this analysis is simply an empirical description and underlying mechanisms may be multiple and complex.
After adaptation to a change in retinal illuminance (Lee et al., 1990; Purpura et al., 1990) , response amplitude and phase in the parvocellular and magnocellular systems can be described by a filter model derived from experiments on lower vertebrates (Tranchina & Peskin, 1988; Purpura et al., 1990) . A similar model has also been applied to PC-cell chromatic adaptation (Smith et al., 1992b) . After 30sec of adaptation, our data resembled those earlier steady-state results, although PC-cell responses had not yet fully stabilized in some of the conditions tested. It should be stressed that, for example, when retinal illuminance was changed, absolute probe amplitude also changed by the same factor. The rapid adaptation of MC-cells shown in Fig. 3 is thus a striking example of a rapid adjustment by retinal gain controls, as in the cat (Enroth-Cugell & Shapley, 1973) .
Physiological data and psychophysical sensitivity--retinal illuminance
The same steady-state cone contrast gain was observed for MC-cells at both illuminance levels, implying a Weber slope close to one. Thus, MC-cells in the adaptation range tested appear to deliver a contrast signal (Shapley & Enroth-Cugell, 1984) . PC-cell responsivity to the chromatic probe was lower at the lower retinal illuminance, corresponding to a Weber slope of 0.54. These data are consistent with earlier steady-state adaptation experiments (Lee et al., 1990) .
Psychophysical adaptation of sensitivity to a luminance probe after a change in retinal illuminance has both rapid (<50 msec) and slow (>1 sec) components (e.g. Hayhoe et al., 1987) . It is likely that detection of brief luminance probes is mediated by MC-cells. On increasing retinal illuminance, both rapid and slow adaptation components appear in MC-cells (Figs 3 and 4) . Adaptation appears to be about 60% complete (Table 1) by the second cycle of response, i.e., at 100-200 msec followed by a slower increase in responsivity. MC cell adaptation after a decrease in retinal illuminance was complete after 100 msec.
For PC-cells, steady-state responsivity to the chromatic probe was lower at the lower retinal iUuminance. Psychophysical sensitivities of human observers to chromatic modulation (Swanson et al., 1987) show a similar (though not so marked) dependence on luminance level. An adaptation time course for detection of chromatic tests after a change in retinal illuminance (without any change in chromaticity) has been little studied psychophysicaUy. In the psychophysical control experiments, sensitivity to chromatic probes after a change in illuminance was much more rapid than after a chromatic change, but not immediate as might be expected from the physiological data.
Physiological data and psychophysical sensitivity--chromatic adaptation
After chromatic change, +M-L and +L-M PC-cells showed opposite behavior. Recovery of responsivity was prolonged when maintained activity was suppressed by the adapting field. If maintained activity was increased, responsivity stabilized within a few seconds, although maintained activity itself continued to decrease with a much longer time course, and some data suggested the presence of two adaptation processes. Responsivity and maintained firing may adapt independently (Smith et al., 1992) . We attribute the asymmetry with excitatory and inhibitory fields to a "threshold" effect. If a background hyperpolarizes the cell and no impulses can be elicited, responsivity falls to zero until the cell's membrane potential has recovered to a level at which the probe stimuli can once more trigger spikes. This may take several seconds. Although an excitatory background may push a cell's firing rate to a high level (and even briefly saturate the firing rate), a modulated response can develop as soon as any adaptation of mean firing has taken place.
It is well established that chromatic adaptation can have a very slow time course psychophysically, taking Fig. 13 . Again, the time courses of the recovery of responsivity and mean rate are very similar, independent of the test probe type, although some difference in detail may be present.
many tens of seconds (Pugh & Mollon, 1979; Reeves, 1982a, b; Ahn & MacLeod, 1993) . A very prolonged time course is also suggested by our psychophysical observations (Fig. 12) . These slow time courses may have a physiological substrate in the slow recovery of PC-cell responsivity with fields suppressing maintained firing. The psychophysical measurements with redward and greenward chromatic probes were intended to explore the possibility that these probes may be detected by +L-M and +M-L cells, respectively. Despite the asymmetric behavior of these cell types with the 570 and 630 nm fields, no difference in redward and greenward thresholds could be found. Reeves (1982a, b ) also failed to find such an effect. This strongly suggests that both +L-M and +M-L cells contribute to detection of both redward and greenward pulses.
We observed that +M-L PC-cells with a 630 nm field adapted more sluggishly than +L--M cells with a 570 nm background (Fig. 8) . This also can be seen in Figs 13 and 14. The contrast gain data in these figures are not symmetrical, and are consistent with more sluggish adaptation on a longer wavelength field. This may be because the 630 nm field provided a more extreme adaptation condition than the 570 nm field. Therefore, in control experiments we tried cycling the adaptation field between 595 and 570 nm. Seven green-on +M-L cells
